Angiogenesis and lymphangiogenesis are essential for organogenesis but also play important roles in tissue regeneration, chronic inflammation, and tumor progression. Here we applied in vivo forward chemical genetics to identify novel compounds and biologic mechanisms involved in (lymph)angiogenesis in Xenopus tadpoles. A novel 2-step screening strategy involving a simple phenotypic read-out (edema formation or larval lethality) followed by semiautomated in situ hybridization was devised and used to screen an annotated chemical library of 1280 bioactive compounds. We identified 32 active compounds interfering with blood vascular and/or lymphatic development in Xenopus. Selected compounds were also tested for activities in a variety of endothelial in vitro assays. Finally, in a proof-of-principle study, the adenosine A1 receptor antagonist 7-chloro-4-hydroxy-2-phenyl-1,8-naphthyridine, an inhibitor of blood vascular and lymphatic development in Xenopus, was shown to act also as a potent antagonist of VEGFAinduced adult neovascularization in mice. Taken together, the present chemical library screening strategy in Xenopus tadpoles represents a rapid and highly efficient approach to identify novel pathways involved in (lymph)angiogenesis. In addition, the recovered compounds represent a rich resource for in-depth analysis, and their drug-like features will facilitate further evaluation in preclinical models of inflammation and cancer metastasis.
Introduction
Lymphatic vessels play a major role in tissue pressure homeostasis, immune responses, and the uptake of dietary fat and fat-soluble vitamins, as well as in inflammation and cancer progression. 1 Recent studies indicate that both lymphatic and blood vessels are involved in chronic inflammatory diseases, such as rheumatoid arthritis, inflammatory bowel disease, and psoriasis. [1] [2] [3] But the formation and activation of both types of endothelium have also important roles in the progression and metastasis of the majority of human cancers. 2, 3 Tumors need to induce the growth of new blood vessels (angiogenesis) to secure the sufficient supply of oxygen and nutrients. The growth of new lymphatic vessels (lymphangiogenesis) has been shown to promote cancer metastasis to sentinel lymph nodes and beyond, [4] [5] [6] [7] [8] a phenomenon that is also found in human neoplasm. 9, 10 Indeed, studies have revealed that tumorinduced lymphangiogenesis around the primary neoplasm is the most significant prognostic indicator to predict the occurrence of regional lymph node metastasis in human malignant melanomas of the skin. 9 More recently, it has been found that tumors can induce lymphangiogenesis in their draining lymph nodes, even before they metastasize, and that induction of lymph node lymphangiogenesis promotes the further metastatic cancer spread to distant sites. 7, 8 Thus, tumor-induced lymphatic growth and activation represent a promising target for treating or preventing advanced cancer.
A strong correlation between the expression levels of the lymphangiogenic factor vascular endothelial growth factor-C (VEGFC), tumor lymphangiogenesis, and lymph node metastasis has been found in human and in experimental tumors. 11 VEGFC promotes lymphangiogenesis by activating VEGF receptor-2 (VEGFR2) and VEGFR3 on lymphatic endothelial cells. 12 VEGF-C-deficient mice fail to develop a functional lymphatic system, 13 and transgenic expression of a soluble VEGFR3 results in pronounced lymphedema. 12 However, blockade of the VEGFC/ VEGFR3 axis only partially inhibits lymphatic metastasis, indicating that additional pathways are involved in mediating the formation and growth of lymphatic vessels. There have been previous attempts to identify lymphatic-specific receptors and pathways by transcriptional and proteomic profiling of cultured lymphatic endothelial cells (LECs). [14] [15] [16] However, large-scale functional in vivo screens to identify molecular pathways or drug-like small molecule modulators of lymphatic vessel formation have been missing to date.
Amphibians offer many of the same experimental advantages that have made zebrafish a popular vertebrate model for in vivo drug screens, 17 such as rapid extrauterine development, the transparency of developing tadpoles, and the permeability of the skin for small molecules. However, amphibians have a common evolutionary history with mammals that is an estimated 100 million years longer than between zebrafish and mammals. 18 Being both tetrapods, amphibians and mammals share extensive synteny at the level of the genomes and have many similarities in organ development, anatomy, and physiology. 19, 20 These traits favor the use of amphibians for large-scale in vivo drug screens. In the past, embryos and tadpoles of the African clawed frog (Xenopus laevis) have served as a powerful animal model to study blood vascular development and angiogenesis. [21] [22] [23] [24] More recently, Xenopus embryos were shown to develop also a complex, well-defined lymphatic vascular system. 25 Similar to the development of the mammalian lymphatic vascular system, LECs transdifferentiate from venous blood vascular endothelial cells and lymphangioblasts contribute in Xenopus to newly forming lymph vessels that mature to drain fluids from the peripheral tissues back to the blood circulation. Antisensemorpholino knockdown studies of the lymphangiogenic factor VEGFC in Xenopus embryos cause lymphatic vessel defects similar to the phenotype observed in VEGFC-deficient mice, including impaired LEC sprouting and migration, and the formation of lymphedema. 13, 25 Here, we have applied, for the first time, an unbiased forward chemical genetics approach in combination with a simple phenotypic readout and semiautomated in situ hybridization to uncover pathways involved in the development of the lymphatic and blood vascular system in Xenopus tadpoles. Our studies revealed novel compounds and pathways not previously known to mediate lymphatic and/or vascular development. This included an adenosine A1 receptor antagonist that not only inhibited lymphatic and blood vessel formation in Xenopus tadpoles but was also shown to block VEGFA-induced neovascularization in adult mice. The recovered compounds and molecular pathways will accelerate the development and testing of new drug candidates for the treatment of disorders, such as chronic inflammation and cancer.
Methods
The Xenopus and mouse studies were conducted under protocols approved by the Veterinary Office of the Canton of Zürich, Switzerland (permits 123/2005 and 199/2007). Complete information on methods is available in supplemental methods (available on the Blood website; see the Supplemental Materials link at the top of the online article).
Results

A chemical library screen identifies a subset of compounds with pharmacologic activity in Xenopus embryos
A 2-step whole organism-based chemical screening strategy was developed to rapidly identify novel small-molecule modulators of angiogenesis and lymphangiogenesis during Xenopus embryogenesis ( Figure 1 ). The Library of Pharmacologically Active Compounds (LOPAC 1280 , Sigma-Aldrich), comprising 1280 bioactive compounds, was selected for the embryo-based screenings. The annotated compound library consists of marketed drugs, failed development candidates, and "gold standards" that have wellcharacterized activities (supplemental Table 1 ). The compounds represent 56 pharmacologic classes with diverse and experimentally validated biologic mechanisms, such as G-protein coupled receptors and kinases. 26 Our primary screening strategy used edema formation in compound-treated tadpoles as a rapid phenotypic read-out. Edemas present as abnormal fluid-filled swellings in any organ of the body. They are caused by imbalanced fluid homeostasis either by increased secretion of fluid into the interstitium or impaired removal of this fluid. The underlying pathophysiologic causes include increased hydrostatic pressure or reduced oncotic pressure in the circulatory system, obstruction of the lymphatic system, and retention of sodium and water. Edema formation can therefore be used as a convenient indicator of impaired cardiovascular, lymphatic, and/or excretory system functions.
Xenopus late tailbud embryos at stage 31 (37 hpf) were selected for compound treatment. This embryonic stage coincides with the onset of lymphatic system formation and intersomitic vein (ISV) angiogenesis during Xenopus embryogenesis. 22, 25 Embryos were arrayed into 48-well dishes (5 per well) and treated with test compounds at a concentration of 20 M in the presence of 1% dimethyl sulfoxide (DMSO). As a positive control, embryos were treated with compound E, a cell-permeable inhibitor of ␥-secretase, 27 which potently induces edemas (data not shown). All 48-well dishes also contained replicates of negative controls (1% DMSO). Embryos were monitored daily over a period of 4 days for edema formation. In addition, drug-induced lethality and other externally visible phenotypes were scored. On average, 320 compounds were screened per week. The phenotypes observed were highly reproducible as all embryos treated with a specific compound showed the same phenotype. Furthermore, all of the compounds generating hits were retested and yielded comparable results.
The majority (1166 compounds; 91%) of the 1280 compounds tested did not cause any discernable phenotypes in embryos and tadpoles until stage 47 (120 hpf), when treatments were terminated ( in early embryonic lethality within 14 hours of compound treatment (supplemental Table 2 ), and 18 compounds that were lethal in tailbud embryos and/or tadpoles from at stage 37/38 (54 hpf) onwards (supplemental Table 3 ). Sixty-four (5%) compounds were nonlethal but caused specific, externally discernable phenotypes in embryos. Edemas were observed after treatment with 48 (4%) of the 1280 compounds tested (supplemental Table 4 ). In addition, 10 compounds affected skin pigmentation (supplemental Table 5 ), and 6 compounds caused other phenotypic changes (supplemental Table 6 ).
Compounds with comparable in vivo activities target distinct pharmacologic pathways
The 1280 compounds in the LOPAC library represent 56 distinct pharmacologic classes of which 34 (61%) were active in the Xenopus screen (Table 2 ). Among the 114 active compounds, those affecting phosphorylation (30; 26%) were most prominently represented, followed by 9 (8%) interfering with the dopamine pathway and 8 (7%) modulating Ca ϩ channels. For 7 pharmacologic classes, which include phosphorylation, dopamine, and hormone signaling, a given compound was able to contribute to one of 3 distinct phenotype classes. Thirteen compound classes were contributing to at least 2 phenotype classes, whereas 14 were associated with a single phenotype class only. The latter included, for example, several representatives of the adenosine and cyclic nucleotide classes, which specifically caused edema in tadpoles. It was also evident that characteristic sets of active compound classes were associated with each phenotype class. Finally, compounds targeting the same common molecular pathway (ie, Ca 2ϩ channels and adenosine A1 receptors) frequently manifest with the same characteristic edema phenotype (supplemental methods; supplemental Figure 1 ; supplemental Table 7) .
Small-molecule compounds affecting blood vessel development and angiogenesis
We identified 48 compounds that induced edema in Xenopus tadpoles (supplemental Table 2 ) and 18 causing larval lethality at stage 37/38 (54 hpf) or later (supplemental Table 3 ). Together, the 66 compounds compose 5.1% of all compounds tested. Edema formation or late-stage lethality may result from excretory system defects and (cardio)vascular and/or lymphatic vascular pathologies. We next used semiautomated whole-mount in situ hybridization to visualize the development of blood and lymphatic vessels in Xenopus embryos treated with hits from the primary screen. apj and vegfr3 (flt4) were used as marker genes for the blood 23 and lymphatic vasculature, 25 were observed after treatment with the tyrosine kinase inhibitor tyrphostin AG 494, 2-methoxyestradiol, the cytoskeleton inhibitor podophyllotoxin, the Cdc25 phosphatase inhibitor NSC 95397, and the dual cyclooxygenase and 5-lipoxygenase inhibitor meclofenamic acid (Table 3) .
Angiogenesis inhibitors, as evaluated by the ability of compounds to block ISV outgrowth, included indirubin-3Ј-oxime, a cyclin-dependent kinase inhibitor ( Figure 2E-F) , and the VEGF receptor phosphotyrosine kinase inhibitor SU 5416 (Tables 3-5) , which is in agreement with previous studies in zebrafish. [28] [29] [30] We further identified retinoic acid, the adenylate cyclase activator forskolin, and the angiotensin receptor 1 agonist L-162,313 as potent inhibitors of developmental angiogenesis (Table 3) .
Two compounds induced VVN defects and promoted premature angiogenic sprouting of ISVs. After treatment with the Raf1 kinase inhibitor GW5074 ( Figure 2G -H), the VVN was dysplastic and, instead of forming a regular vessel network, the blood vascular endothelial cells were dispersed throughout the ventral parts of the embryo. Moreover, thin ectopic ISV sprouting was evident in the posterior parts of the PCV compared with DMSO-treated control embryos ( Figure 2G -H,O-P). This ectopic sprouting phenotype was even more pronounced after treatment with the calmodulin-dependent Ca 2ϩ ATPase inhibitor calmidazolium chloride ( Figure 2I -J,O-P). In addition, the blood vessels, including the VVN, were larger and fused, representing hyperplastic vasculature. This hyperplastic endothelial phenotype is reminiscent of the phenotype observed after overexpression of vegfa in Xenopus embryos. 23 A fourth group of compounds only interfered with the assembly of the VVN. The leukotriene synthesis inhibitor MK-886 led to hypoplasia of the VVN but did not interfere with PCV assembly and ISV outgrowth ( Figure 2K-L) . Similarly, treatments with the NO-independent guanylyl cyclase activator YC-1 ( Figure 2M -N) resulted in dispersed, punctuated patterns of VVN endothelia, which might indicate a block of endothelial cell proliferation or VVN assembly. 31 Other compounds of this group include the phosphodiesterase III/IV inhibitor zardaverine and the cyclindependent protein kinase inhibitor purvalanol A (Tables 3) . For personal use only. on January 29, 2018. by guest www.bloodjournal.org From
Small-molecule inhibitors of blood and lymphatic vessel development
Three primary sites of lymphatic system development can be observed in Xenopus embryos: the anterior lymph sacs (ALSs) of the head, the region of the anterior lymph hearts (ALHs) in the trunk, and the posterior lymph vessels (PLVs) in the tail ( Figure  3B ,L). Along with the analysis for blood vessel defects, we assessed specifically these areas in compound-treated embryos for abnormalities in early lymphatic vessel development. Based on this differential analysis, we identified 2 general compound-induced phenotype classes: compounds affecting both blood vessel and lymph vessel formation and compounds disrupting selectively lymph vessel development only (Table 4) .
The former phenotype class was composed of 6 compounds. The src family tyrosine kinase inhibitor 7-cyclopentyl-5-(-4-phenoxy)phenyl-7H-pyrrolo(2,3-d)pyrimidin-4-ylamin (7-Cyclo) interfered with angiogenic ISV sprouting but not with VVN assembly ( Figure 3C ). Formation of ALS and ALH rudiments occurred, but lymphangiogenesis was strongly suppressed and the lymph vessel assembly in the tadpole tails was disrupted ( Figure 3D ). The A1 adenosine receptor antagonist 7-chloro-4-hydroxy-2-phenyl-1,8-naphthyridine (naphthyridine) interfered not only with ISV angiogenesis but also with VVN assembly (Figure 3E ). At later stages, tadpoles displayed stunted, disorganized lymphatic vessels arising from the ALSs and ALHs, and only a few LECs, but no lymph vessels, were detected in the tail ( Figure 3F ). Similar vascular phenotypes were observed after treatment with the JNK inhibitor SP600125 (Table 4) . A subgroup of 3 compounds manifested with lymphangiogenesis defects accompanied by VVN hyperplasia. Treatment with the adenosine A1 receptor antagonist 1,3-diethyl-8-phenylxanthine or the poly(ADP-ribose) polymerase inhibitor 4-amino-1,8-naphthalimide caused hyperplasia of the VVN, whereas ISV angiogenesis occurred unaffected ( Figure 3G and data not shown). Interestingly, lymphangiogenesis was largely suppressed ( Figure 3H and data not shown). Treatment with the tyrosine kinase inhibitor genistein induced a severe blood vessel phenotype with stunted ISVs and hyperplastic VVN ( Figure 3I ). At later stages, blood vessels were readily detected, whereas lymphatic vessels and LECs were absent ( Figure 3J ). This suggests that genistein may interfere with the specification of lymphatic cell lineages.
Small-molecule inhibitors of lymphatic vessel development
We recovered 8 compounds that specifically inhibited lymphatic vessel development without affecting the blood vasculature from the chemical library screen (Table 5 ; Figure 4 ). Each compound induced highly characteristic lymphatic defects, ranging from subtle regional lymph vessel dysplasia ( Figure 4C ) to severe, 
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KÄ Figure  4I ,K,M). The L-type calcium channel blocker felodipine caused abnormal, dysplastic lymphatic vessel sprouting without affecting other areas of lymphangiogenesis ( Figure 4C ). Treatment with the DNA topoisomerase II inhibitor sobuzoxane and the Ca 2ϩ channel blocker nicardipine resulted in the formation of discontinuous, dysplastic lymphatic vessels ( Figure 4E and data not shown). In addition, vegfr3 expression persisted in the VVN of subuzoxanetreated embryos ( Figure 4E ). The src family kinase inhibitor SU 6656 and the K ϩ channel blocker dequalinium dichloride resulted in embryos with poorly developed, stunted lymphatics emerging from the ALSs, ALHs, and hypoplastic PLVs ( Figure 4G and data not shown). The most severe defects in lymphatic vessel development were observed with the protein prenylation inhibitor mevastatin and the tyrosine kinase inhibitors GW2974 and SU 4312 ( Figure  4I-M) . After compound treatment, the 3 primary sites of lymphatic vessel development (ALSs, ALHs, and PLVs) were detectable, but lymphangiogenesis was largely suppressed and the assembly of lymphatics in the tail was disrupted. This phenotype was most pronounced after treatment with SU 4312, which is known as a VEGF receptor-1/-2 (VEGFR) inhibitor ( Figure 4M ). Interestingly, blood vascular development is critically dependent on VEGFR1/ VEGFR2 signaling but appears to be unaffected in SU 4312-treated embryos as demonstrated by normal angiogenic ISV outgrowth ( Figure 4N ).
Effects of small-molecular compounds on in vitro endothelial cell proliferation and tube formation
We next asked whether the in vivo activities of the compounds extended also to mammalian endothelia and whether the compounds interfered directly with endothelial cell functions. We selected 24 compounds and conducted proliferation and tube formation assays, 2 important steps in vessel formation, using human LEC and umbilical vein endothelial cell (HUVEC) cultures (Table 6 ).
The cell proliferation assays were performed by treating the endothelial cell cultures with compounds at a screening dose of 10 M in 0.1% DMSO for 48 hours ( Figure 5A ; Table 6 ). Nine compounds were scored as having marginal or no effects in the endothelial cell proliferation assays (85%-115% of control) regardless of the cell type tested. Nine compounds moderately promoted cell proliferation (Ͼ 115%-150% of control). Among these, 5 compounds (L-687,384, MK-886, MRS 1845, naphthalimide, and SU 4312) promoted proliferation in HUVEC but not LEC cultures; and one, GW5074, was selective for LEC cultures. Six compounds decreased endothelial cell proliferation in vitro. Interestingly, IC 261 and 2-methoxyestradiol preferentially inhibited LEC proliferation, whereas indirubin-3Ј-oxime selectively blocked HUVEC proliferation consistent with a previous report. 30 The effects on endothelial tube formation were assessed after overnight treatment of LEC and HUVEC cultures at a compound For personal use only. on January 29, 2018. by guest www.bloodjournal.org From concentration of 1 M in 0.1% DMSO. Fourteen of 24 compounds tested had comparable effects in both cell types tested ( Figures 5B,  6 ). These include 4 compounds (cyclosporin A, nicardipine, sobuzoxane, and SU 4312) with either no or only marginal effects on tube formation (85%-115% of control tube length), 7 compounds with moderate inhibition of tube formation (50%-85% of control), and 3 compounds (7-Cyclo, nocodazole, podophyllotoxin) strongly inhibiting of endothelial tube formation (Ͻ 35% of control). The remaining 10 compounds showed differential, celltype specific effects on tube formation (Figures 5B, 6 ). Phenylxanthine promoted tube formation, whereas indirubin-3Ј-oxime, felodipine, and 2-methoxyestradiol acted as inhibitors of tube formation in HUVEC cultures. Six compounds (GW5074, MRS 1845, naphthalimide, SP600125, SU 5416, tyrphostin AG 494) preferentially blocked tube formation in LEC rather than HUVEC cultures ( Figure 5B) . A comparison of the results from the in vitro and in vivo compound screens is shown in Table 6 .
Naphthyridine inhibits VEGFA-induced (lymph)angiogenesis in mice
The adenosine A1 receptor antagonist naphthyridine was identified as a novel inhibitor of lymphatic and blood vessel formation in Xenopus tadpoles and in vitro cellular assays, where it acted antimitogenic and impaired endothelial tube formation. We determined that naphtyridine inhibited LEC tube formation with an IC 50 of 1.3 M plus or minus 0.1 M (data not shown). To investigate whether naphthyridine might also inhibit mammalian angiogenesis and/or lymphangiogenesis in vivo, we implanted VEGFA-containing Matrigel plugs subcutaneously into adult mice and treated these mice systemically with naphthyridine (3 mg/kg per day) or with vehicle control for 6 days. In agreement with previous results, 32 differential immunofluorescence analysis for the lymphaticspecific marker LYVE1 and the panvascular marker CD31 demonstrated lymphatic vessel enlargement in the skin surrounding VEGFA-containing Matrigels, compared with control Matrigels For personal use only. on January 29, 2018. by guest www.bloodjournal.org From only containing phosphate-buffered saline (PBS; Figure 7A -B). Treatment with naphthyridine resulted in a reduction of blood vessel numbers and lymphatic vessel enlargement ( Figure 7C ). The quantitative image analyses shown in Figure 7D through G confirmed that the tissue area covered by lymphatic vessels surrounding VEGFA containing Matrigels was significantly reduced by treatment with naphthyridine compared with the PBS control (1.36% Ϯ 0.36% vs 0.89% Ϯ 0.18%; P ϭ .05; Figure 7E ), whereas the density of lymphatic vessels was unchanged by VEGFA or naphthyridine treatment ( Figure 7D ). Treatment with naphthyridine also reduced the number of VEGFA-induced blood vessels (36.49 Ϯ 1.49 vs 47.93 Ϯ 3.55; P ϭ .002; Figure 7F ) and 
LEC tube formation Compounds affecting in vivo blood vessel development only
Defective vasculogenesis
Compounds affecting in vivo blood and lymph vessel formation
Defective blood and lymphangiogenesis
VVN hyperplasia and defective lymphangiogenesis
Compounds affecting in vivo lymph vessel formation only
Defective lymphangiogenesis
Compounds with no effect on vascular development in vivo
Scoring system for in vitro assays: O indicates inactive or marginal effects (85%-115% of control); Ϫ, moderate inhibition (50%-85% of control); ϪϪ, strong inhibition (Ͻ 50% of control); and ϩ, moderate promotion (Ͼ 115%-150% of control).
HUVEC indicates human umbilical vein endothelial cell; LEC, lymphatic endothelial cell; VVN, vitelline vein network; Naphthyridine, 7-chloro-4-hydroxy-2-phenyl-1,8-naphthyridine; and 7-Cyclo, 7-cyclopentyl-5-(4-phenoxy)phenyl-7H-pyrrolo͓2,3-d͔pyrimidin-4-ylamine.
resulted in a reduction of the tissue area covered by blood vessels ( Figure 7G ). We conclude that the ability of naphthyridine to inhibit lymph and blood vessel angiogenesis is conserved between Xenopus and mammals.
Discussion
In the present study, we have used a large-scale forward chemical genetics approach to identify novel bioactive compounds and to define several novel pathways acting during blood vascular development and lymphangiogenesis in Xenopus tadpoles. The use of Xenopus embryos for chemical library screening and drug discovery was previously proposed, 18 and subsequently a small-scale pilot study provided further evidence for the feasibility. 33 To our knowledge, this is the first large-scale chemical library screen for compounds modulating lymphatic vessel development in vivo.
Forward chemical genetics uses the screening of annotated libraries of small organic compounds with experimentally verified biologic mechanisms and activities to study biologic systems. 34 This approach circumvents the well-known problems of target identification and lack of mechanistic understanding associated with active compounds recovered from screens using conventional chemical libraries. 35 Forward chemical genetics has therefore become increasingly used in cell cultures to identify signaling pathways involved in cellular functions in vitro 26, 35, 36 ; and more recently, whole organisms, such as Drosophila, Caenorhabditis elegans, and zebrafish, have been used for compound discovery. 30, 37, 38 Importantly, chemical genetics using whole animals offers a complementary approach to loss-of-function mutations or knockdowns with siRNA or morpholino oligonucleotides in the analysis of complex biologic processes, such as organogenesis.
We now report here the establishment of a large-scale 2-step forward chemical genetics strategy in Xenopus embryos to efficiently recover compounds affecting vascular development in vivo. High-throughput, large-scale screening approaches require a functional phenotypic read-out that is easily detected and reliably predictive for vascular system defects. Edema is the major downstream phenotype caused by impairment of lymphatic vessel development 25 but is also associated with disrupted development or function of the cardiovascular and excretory systems in tadpoles. 39 We therefore decided to screen the LOPAC 1280 chemical library by visual inspection for compounds that induce edema. There were several different types/locations of edema induced by different compounds. Remarkably, compounds targeting the same pathway often revealed similar phenotypes. For example, Ca 2ϩ -channel antagonists induced pericardial and ventral edemas, whereas retinoids caused cerebral and pronephric edemas (supplemental methods; supplemental Figure 1 ). Although most gene defects affecting lymphatic vessel development also cause edema formation, we cannot exclude the possibility that some compounds might have affected lymphatic (or blood) vessel development without causing edema formation. We therefore also scored for compounds causing late-stage lethality in response to compound treatment. A total of 66 compounds satisfying our screening criteria were recovered with a hit rate of 5%: 48 edema-inducing compounds and 18 compounds causing lethality. From a practical point of view, we were able to exclude 95% of the compounds as inactive on the basis of our simple, noninvasive phenotypic screening criteria. A possible drawback of chemical screening in whole organisms, such as Xenopus or zebrafish, is that the uptake of compounds across the epidermis can vary; thereby, compounds may be scored as false negatives. The logarithm of the partition ratio between octanol and water (logP) values correlates well with a compound's membrane permeability. Typically, compounds with logP values greater than ϩ1 are well absorbed. 40, 41 This general rule was recently confirmed by a mass spectroscopy study of compound uptake in zebrafish larvae. 42 The penetration problem of hydrophilic compounds with logP values less than ϩ1 can be largely eliminated by microinjection of the compound into the cytoplasm of fertilized eggs or the blood circulation of larvae. 43 However, this approach is impractical in the context of large-scale chemical library screening. The drug penetration problem associated with waterborne drug administration can also be seen as an advantage of the screening approach as it allows for the selection of bioactive compounds with favorable permeability or uptake properties in whole organisms.
Edema formation and larval lethality may not only be caused by cardiovascular defects but could also be a consequence of renal dysfunction impairing fluid homeostasis. In the second screening step, compound-treated embryos were therefore subjected to semiautomated whole-mount in situ hybridizations using specific blood vascular and lymphatic marker genes. The analysis of vascular marker gene expression revealed that a total of 32 hits (24 of the 48 edema-inducing compounds and 8 of the 18 compounds associated with larval lethality) caused abnormal vascular development and morphogenesis in tadpoles. Collectively, the chemical screening strategy resulted in the recovery of compounds with an impressive 49.2% hit rate (32 of the 65 hits from the primary screen).
The LOPAC 1280 library harbors 8 compounds (difluoromethylornithine, indirubin-3Ј-monoxime, 2-methoxyestradiol, minocycline hydrochloride, SU 4312, SU 5416, thalidomide, and tyrphostin AG1478) with known antiangiogenic activities. 30, 44 Three antiangiogenic compounds (difluoromethylornithine, minocycline hydrochloride, and thalidomide) are not considered because they are highly hydrophilic and therefore poorly penetrate embryos. 30 A recent screen of the LOPAC 1280 chemical library using transgenic zebrafish expressing a fluorescent vascular reporter gene resulted in the recovery of 3 of the 5 antiangiogenic compounds (indirubin-3Ј-monoxime, SU 4312, and tyrphostin AG1478). 30 In Xenopus, all 5 compounds (indirubin-3Ј-monoxime, 2-methoxyestradiol, SU 4312, SU 5416, and tyrphostin AG1478) were scored as active. Importantly, the 2 VEGFR inhibitors SU4312 and SU5416 were identified as positive hits validating the screening procedure. Taken together, this analysis demonstrates that the present chemical library screening approach is capable of efficiently identifying known antiangiogenic compounds in Xenopus embryos.
We also identified 27 new compounds affecting vascular and/or lymphatic development in Xenopus embryos. A number of these compounds, such as nocodazole, podophyllotoxin, forskolin, and retinoic acid, are known to have broad effects on many cell types. Their antiangiogenic activities observed here are probably the result of pleiotropic effects. The predicted biologic functions of other recovered compounds implicate the requirement of various mechanisms, including hormone and cyclic nucleotide signaling, phosphorylation as well as K ϩ and Ca 2ϩ channels for the normal development of blood vessels and/or lymphatics. Hits exhibiting only blood vascular system defects included compounds causing defective vasculogenesis, impaired angiogenesis, or VVN hypoplasia. Most interestingly, the Ca 2ϩ ATPase inhibitor calmidazolium chloride and Raf1 kinase inhibitor GW5074, 2 compounds not previously known to exhibit activities on the vascular system, were found to act pro-angiogenic by promoting ectopic, premature angiogenesis in Xenopus embryos. In addition, effects on the VVN were noticed. GW5074 was also tested in endothelial cell culture assays, where it promoted endothelial cell proliferation. On the basis of in vitro and in vivo evidence, these compounds imply Ca 2ϩ -ATPase and Raf kinase in the regulation of endothelial cell function. Furthermore, these small-molecule compounds may have the ability to substitute for mitogenic growth factors used to stimulate endothelial cell proliferation.
Several compounds inhibiting preferentially lymphatic vascular development were identified, including several tyrosine kinase inhibitors (SU 4312, SU 6656, and GW2974), and L-type calcium channel blockers (felodipine and nicardipine). Treatment with the VEGF-and platelet-derived growth factor-receptor antagonist SU 4312 had the most potent effect on lymphatic vessel formation in vivo as demonstrated by the absence of VEGFR3-positive structures of the lymphatic system in Xenopus embryos. Interestingly, the blood vasculature remained largely unaffected. These results suggest that, at the concentration of 20 M used in the Xenopus assay, SU 4312 targets in vivo primarily the VEGFC/VEGFR3 signaling pathway, which regulates embryonic lymphangiogenesis in tadpoles and mouse embryos. 13, 25 At higher concentrations (Ͼ 30 M), SU 4312 will also exhibit moderate antiangiogenic effects as was recently demonstrated in zebrafish. 30 Collectively, these findings suggest that SU 4312 may act in vivo primarily on lymphatic vessels and therefore warrants further investigation. This also applies to the dual ErbB2 and EGF receptor tyrosine kinase inhibitor GW2974 and Src family kinase inhibitor SU 6656, which both exhibited antilymphatic activities in vitro and/or in vivo.
The role of calcium channels in lymphatic vessel formation and function has not been studied to date. The calcium channel blockers felodipine and nicardipine have vasodilatory effects and are therefore widely used to treat hypertension. However, one bothersome side effect of these older dihydropyridines is edema formation, especially in the feet, legs, and ankles, 45 which could indicate dysfunction of the lymphatic vasculature. Our findings provided exciting novel clues awaiting now in-depth analysis in follow-up studies. Taken together, the Xenopus embryo-based chemical library screens offer a promising avenue for the identification of novel lead compounds to modulate normal or pathologic (lymph)angiogenesis in patients.
Compounds with activities on vascular or lymphatic development in Xenopus were also tested for effects on proliferation and/or tube formation of cultured human LECs and HUVECs. 7-Cyclo and naphthyridine, 2 compounds disrupting both blood and lymph vessel formation in vivo, also exhibited inhibitory activities for both HUVECs and LECs in vitro. Furthermore, the inhibition of HUVEC tube formation in vitro correlates well with the in vivo observation of defective ISV angiogenesis. Despite these compelling examples, many compounds with in vivo bioactivity failed to show comparable effects in cell culture models. For example, 4 of 5 compounds disrupting lymphangiogenesis in vivo were inactive in LEC tube assays. This indicates that in vitro assays fail to adequately reproduce all steps of vascular development. In contrast to traditional cell-based screens, high-throughput chemical screening in Xenopus tadpoles occurs in a physiologically more relevant context. Naphthyridine, an adenosine A1 receptor antagonist, inhibited blood and lymphatic vessel formation in tadpoles, which could also be recapitulated using in vitro endothelial cell proliferation and tube formation assays. In a proof-of-principle study, we tested naphthyridine in an established mouse model of VEGFA-induced dermal neovascularization. Systemic treatment of mice with naphthyridine potently inhibited lymphatic vessel enlargement and angiogenesis, indicating that adenosine A1 receptors do not only act antagonistically on amphibian vascular development but also disrupt adult mammalian (lymph)angiogenesis. It will be of future interest to investigate whether inhibition of adenosine A1 receptors might also act under pathologic conditions inhibiting, for example, tumor-induced lymphangiogenesis and lymphatic metastasis. More generally, the conservation of the in vivo activities between amphibians and mammals validates Xenopus embryos as relevant screening tools in drug discovery for human diseases.
In conclusion, our work demonstrates that the Xenopus embryo model in combination with our 2-step screening methodology represents a promising, low-cost platform to identify novel pathways involved in angiogenesis and lymphangiogenesis, and to accelerate the discovery of novel drug-like small organic molecules. Despite the obvious differences in constitution and physiology between amphibians and humans, the Xenopus tadpole model represents a much needed tool to bridge the gap in drug discovery between traditional in vitro and preclinical animal models.
